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a b s t r a c t
On the basis of the interplay between themetal function of oxo-anions, and structure of zeolites and its acidic
properties, we report an innovative approach for enhancing acidity of sulfated zirconia, SZ. This concerns the
superiority of SZ comprised of single-Brønsted acid sites dispersed on ZSM-5 over Ag, Ti andW. The inﬂuence
of doping ZrO2 on MFI framework of ZSM-5 was studied against other composite catalysts characterized by
temperature-programmed desorption of ammonia (NH3-TPD), IR spectra of pyridine adsorption, N2 sorption,
powder X-ray diffraction, elemental analysis via FE-SEM and EDX. Results showed uniform pore size, high
mesopore volume, high surface area, and acid densities on the catalysts. Despite lower pore size distribu-
tion, Zr/ZSM-5 exhibited highest total acidity (0.75 mmol/g), and activity in converting >95% used frying oil
(48 wt.%) over SZr/Ag, SZr/Ti, and SZr/W. This is outstanding considering the lower reaction parameter of 5 h,
5:1 methanol-to-oil ratio, and 200 °C compared to prior arts. Evidently, structure and strength of Brønsted
acids have direct effect on the catalytic activity of the materials. This study also illustrated prospects of con-
verting wastes into biodiesel, which is important especially against the backdrop of the current plummeting
price of Brent crude oil.
© 2015 Taiwan Institute of Chemical Engineers. Published by Elsevier B.V. All rights reserved.
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1. Introduction
As the price of Brent oil plummeted below USD45/barrel in the
hird quarter of 2015, the prominence, and sustenance of biofu-
ls in general, and biodiesel in particular, faces greater challenges.
he heavily footed subsidy that fossil fuels enjoy from govern-
ental agencies exacerbates this problem further. Consequently, for
iodiesel to maintain its indomitability as sustainable energy alter-
ative beyond the 21st century, urgent and concerted efforts must
e initiated from reactor engineering and catalysis [1,2]. From ma-
erials chemistry perspective, many studies have investigated the
erformances of a wide range of bifunctional solid acids catalysts
uch as WO3/ZrO2 [3], WO3/SnO2 [4], Mo-Mn/Al2O3-15 wt.% MgO
5], WO3/ZrO2 [6,7] and SO
2−
4 /TiO [8] designed to incorporate syner-
etic effect in catalysis. However, despite the capability of converting∗ Corresponding author Tel.: +60 3 7967 5300; fax: +60 3 79675319.
E-mail addresses: ymsani@siswa.um.edu.my (Y.M. Sani), adeniyipee@live.com
P.A. Alaba), raji.aisha@gmail.com (A.O. Raji-Yahya), azizraman@um.edu.my,
aja.shazrin@gmail.com (A.R. Abdul Aziz), ashri@um.edu.my (W.M.A.W. Daud).
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activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010ifferent feedstock oils to fatty acid methyl esters, FAME there is need
or improvements.
For instance, WO3/SnO2 required 43 methanol-to-oil ratio to
chieve a 78% yield [4], WO3/ZrO2 gave ∼100% conversion after
0 h at 200 °C [6] and 70% conversion from used frying oil, UFO
7]. Similarly, the diﬃculty in synthesis and high production cost of
O2−4 /TiO2 hinder its industrial application [8]. WO3/ZrO2 converted
ore than 90% soybean oil during transesteriﬁcation at 250 °C [6]
hile SO2−4 /TiO2, SO
2−
4 /ZrO2, and WO3/ZrO2 converted 100, 99, and
4% n-octanoic acid respectively during esteriﬁcation at 175 °C. In
ddition, longer reaction time (2047 min) was necessary for obtain-
ng 50% conversion with tungstated zirconia with the acid site densi-
ies exhibiting ca. 95% of the original values. The long duration pro-
oted adsorption of intermediates and products with subsequent
eactivation.
Conversely, some results obtained from transesteriﬁcation with
eolites were not as encouraging. For instance, despite high alcohol-
o-oil molar ratio (14.5:1), Shu et al. [9] reported only 48.9 wt.% FAME
onversion after 4 h with zeolite beta modiﬁed with La3+. Equally,
ordenite (HMOR) and H+ ion exchanged ZSM-5 (HMFI) zeolites
10] converted 80% of oleic acid with >0.06 mmol/g acid amountts reserved.
esoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
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rto biodiesel. High reaction temperature of 500 °C was necessary to
achieve ca. 100% conversion over H-ZSM-5 [SBET = 377 m2/g, acid-
ity density = 382 μmol/gcat] after 20 min [11]. Consequently, Kiss
et al. [12] posited that lower catalytic activity of zeolites is due to
the small pores, which limits diffusion of large fatty acid molecules.
However, Dasari et al. [13] obtained 95% conversion without cata-
lyst, albeit at high pressures of 45–65 MPa and high temperatures
of 350–500 °C. Nonetheless, Sasidharan and Kumar [14] were able to
obtain 85% and 80% conversion from beta-keto esters with solid acid
La-Beta and H-Y zeolites respectively. Evidently, the nature of the oil
employed by Sasidharan and Kumar [14] also contributed to the en-
couraging results. Moreover, the high-silica in Zeolite Socony Mobil-
5, ZSM-5 [Mordenite framework inverted (MFI) type and a member
of the pentasil family] gives it special properties. Depending on the
Si/Al ratio, ZSM-5 is moderately hydrophilic to highly hydrophobic
unlike types A, X and Y zeolites, which are very hydrophilic. Another
important factor that ensures this desirable property is the type and
number of cations compensating the lattice charge. Further, the hy-
drogen form is obtainable without losing signiﬁcant Al directly via
zeolite exchange in dilute acid because of its acid (down to pH 3) and
temperature (>1000 °C) stability.
Further, the acidity of crystalline aluminosilicate zeolites may be
ﬁne-tuned by appropriate manipulation of SiO2/Al2O3 molar ratio.
Such manipulations have signiﬁcant effect on the activity (i.e. the hy-
drophobicity and acidity of the zeolite), performance, and its aﬃn-
ity for water. Interestingly, the structure of ZSM-5 also allows the
introduction of alternative T-atoms such B, Be, Al, Si, Ga, Fe, Ge,
etc. during synthesis [15]. The nature of positive simple counter-
ions from these T-atoms also determines the acidic catalytic power
of the zeolite. Thus, its catalytic properties are amenable to adjust-
ments for the desired catalytic process, which include interchanging
other elements within the framework constituents, or by modifying
the zeolitic material. These intriguing attributes of ZSM-5 explain its
acceptability as eﬃcient catalytic material with wide range of ap-
plications in the laboratory as well as the industry. However, these
advantages do come with attendant problems. These include deacti-
vation and a drop in conversion from reaction of organic species cat-
alyzed by zeolite with lower Si/Al ratio, which causes higher aﬃnity
toward water.
However, despite the numerous encouraging results highlighted
above, attendant viscosity and poor miscibility of light alcohols with
low-grade oil feedstocks hampers the use of new heterogeneous cata-
lysts. This explains why to date, the wide range of commercially avail-
able polymeric and inorganic solid acids have lower activity when
compared with their base-catalyzed routes [16]. This necessitates
the application of higher reaction temperatures to achieve apprecia-
ble conversions. Other limitations include rapid on-stream deactiva-
tion because of impurities in high concentrations, such as moisture,
acid, and heavy metals. Aside this arduous challenge, another con-
tending issue is regional availability, which determines the quest and
cost for utilizing non-edible, low-grade oil sources. Notwithstand-
ing their comparable lower activity, solid acids are less susceptible
to FFA contaminants common with unreﬁned feedstocks than their
solid base equivalents [16]. Moreover, they are able to esterify free
fatty acids, FFA into esters, and transesterify triglycerides, TG into
FAME simultaneouslywithout pretreatment, and saponiﬁcation; thus
minimizing the processing steps in biodiesel production [17–19]. In-
triguingly, zirconium is active at lower temperatures than zeolite
catalysts, while zeolites are generally more acidic than zirconia.
Notwithstanding this and the extensive research on the factors af-
fecting the acidity of sulfated zirconia, SZr there is no information in
open literature that concerns biodiesel production with mesoporous
SZr dispersed over ZSM-5. Consequently, the present contribution
aims to demonstrate the superiority of mesoporous sulfated zirco-
nia comprised of Brønsted acid sites dispersed on ZSM-5 over Ag, Ti
and W supports. To achieve this, the present study investigated anPlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010nnovative approach of enhancing acidity of sulfated, robust bifunc-
ional composite catalysts that could withstand unfavorable con-
tituents highlighted above. This was premised on the basis of the
nterplay between metal function of modiﬁed oxo-anions and pore
tructure of zeolites and its strong acidic properties.
. Materials and method
.1. Catalyst preparation
The following describes the easy, and undemanding catalyst
reparation employed for this study. Sigma-Aldrich, Germany sup-
lied all chemical reagents. To ensure reproducibility, all sample
reparations were carried out in replicates. A required amount of
mmonium hydroxide solution precipitated the active constituents
rom zirconium oxynitrate hydrate (99%) at pH of 10 under vigor-
us stirring. Subsequently, the ﬁltrate was washed with de-ionized
ater to minimize the nitrate ion concentration. For comparison
nd optimization, about 2.5 to 25% each of AgNO3 (≥99.0%), ti-
anium nitride (TiN; <3 μm), ammonium metatungstate hydrate,
NH4)6H2W12O40·xH2O (99.99% trace metals basis), and ZSM-5
Si/Al = 20.01) were separately soaked in the precipitated zirconium
olution at ambient conditions for 4 h. The solution contained ex-
ct amount of liquid which ﬁlled the pore volume of the support.
his facilitated good contact (impregnation) between the metal pre-
ursors and the porous support. The supernatant was decanted after
roper saturation and infusion of the metal elements. Thereafter, suf-
cient (not in excess) 0.5-M H2SO4 was added to the impregnated
ixed oxides, and kept at room temperature to ensure the incorpo-
ation of appropriate doubly charged sulfate oxo-anions. After drying
n an oven at 120 °C for 24 h, the samples were calcined separately
t 550 °C for 4 h. This process was optimized and catalytic materials
ere designated SZr/Ag, SZr/Ti, SZr/W, and SZr/ZSM-5. The follow-
ng discussion would mainly be regarding these four samples, and in
ome instances, in comparison with the ZSM-5.
.2. Catalyst characterization
Field emission scanning electron microscopy (FE-SEM) FEI
UANTATM 450 FEG type 2033/14 (Czech Republic) unit with 30 kV
ccelerating voltage analyzed the surface morphology and topology.
n energy dispersive X-ray spectrometer (EDX) from the same unit
evealed the surface elemental composition variation of the catalysts.
he samples were evenly distributed on a double sided, black carbon
ape glued on an aluminum stub and put under vacuum for 10 min
rior to the analysis. Similarly, powder XRD and BET analyses eluci-
ated the structural and textural properties of the catalysts respec-
ively. Phillips X’pert diffractometer (The Netherlands) with CuKα
adiation (λ = 1.54056 A˚) at a scanning speed of 0.05° s−1 within
θ range of 5° to 70° at 40 mA and 40 kV analyzed the XRD pat-
erns, the crystal phase and structure of the samples. A Micromeritics
riStar II (USA) with accelerated surface area porosity (ASAP) 3020
t −196.15 °C in liquid nitrogen, determined the speciﬁc surface area,
ore size and the pore volume of the catalytic materials. Degassing
he catalysts at 120 °C for 3 h under a vacuum eliminated any ph-
sisorbed volatiles and impurities. These were kept in liquid nitrogen
emperature for nitrogen adsorption.
An AutoChem 2920 (Micromeritics) evaluated the acid density
roﬁles via ammonia temperature-programmed desorption (NH3-
PD). Calibrating the equipment with 10% NH3 in He before the
nalysis guarantees ascertaining the exact amount of gas consumed
uring the experiment. For each analysis, He ﬂow (20mL/min) for 1 h
t 700 °C degasses about 0.10 g of the synthesized material housed
n a quartz U-tube. After cooling to 80 °C, 10% NH3 in He ﬂowing at
0 mL/min for 40 min saturates the sample. A steady temperature
amp of 120 °C ensured proper NH adsorption. Changing the gas3
esoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
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sow to He at 20mL/min for 30 min over the catalyst removed the ph-
sisorbed NH3. Elevating the temperature ramp from 80 °C to 700 °C
t 10 °C/min under ﬂowing He at 20 mL/min after the baseline sta-
ilizes produces distinct TPD proﬁle. Similarly, the TCD detector re-
ealed the amount of NH3 consumed, which determines the Brønsted
nd Lewis acid sites in the catalyst. IR spectra of adsorbed pyridine
ere taken on a Bruker Fourier transform infrared (FT-IR) Tensor 27
pectrometer (Germany). The apparatus has a spectral range of 7500
o 370 cm−1 with more than 1 cm−1 apodized resolution and a stan-
ard ATr beam splitter. The samples were outgassed at 300 °C for 4 h
nder vacuum, and cooled to room temperature. Pyridine was then
dmitted into the samples and the IR spectra of adsorbed pyridine
ere recorded at room temperature.
.3. Production of fatty acid methyl esters
Heating the catalysts at 200 °C for 1 h before the reaction ensured
ctivation by evacuating any adsorbed water and other volatiles.
hereafter, the catalytic activity of the catalysts in simultaneous
steriﬁcation and transesteriﬁcation of UFO (FFA = 48 wt.%) with
ethanol was determined in a 100 mL autoclave stainless-steel reac-
or supplied by AmAr Equipment Pvt., Ltd. (Mumbai). Constant stir-
ing at 550 rpm ensured good contact between the catalyst and the
eaction mixture. A water bath attached to the autoclave maintained
he reaction temperature in the range of 190–200 °C during the re-
ction. Preliminary optimization showed that a 5:1 methanol-to-oil
olar ratio and 2 wt.% catalyst loading were optimal for the reaction.
t the end of the 5 h reaction time, it took more than 6 h for the
roduct [ester or oil phase (biodiesel) and the upper aqueous phase
glycerol)] to settle into two distinct layers because of the initial
ranslucent nature of biodiesel. The two distinct phases were sepa-
ated by simple decanting. Centrifugation, water washing, and drying
ith anhydrous sodium sulfate facilitated the recovery of the FAME
y purifying it from excess methanol and other impurities such as
esidual catalyst.
. Results and discussion
The following discussion concerns the various characterizations
uch as NH3-TPD, IR spectroscopy, and structural analyses performed
n the catalysts to ascertain which properties have signiﬁcant inﬂu-
nce in converting the UFO into FAMEs.
.1. Results of catalyst characterization
.1.1. Acid density measurement via NH3-TPD
Temperature-programmed ammonia desorption, NH3-TPD re-
ealed information regarding the distribution and type of acid sites
n the catalysts (Table 1). Fig. 1(a) and (b) shows representative NH3-
PD proﬁles of the parent ZSM-5, and SZr/W, SZr/Ag, and SZr/Ti mod-
ﬁed catalysts calcined at 550 °C for 4 h. We classiﬁed the acid sites
orresponding to base desorption at 100–240 °C, 240–340 °C, and
40–500 °C as weak, intermediate, and strong acid sites, respectively.
he peak pattern of modiﬁed SZr/ZSM-5 reveals similar proﬁle as the
arent ZSM-5. Expectedly, the parent ZSM-5 contained 5-fold more
cid number than the composite SZr/ZSM-5, and even more than the
ther mixed oxides. The probable explanation for the signiﬁcant de-
rease in the acidity of the SZr/ZSM-5 compared with ZSM-5 is the
ombined effect of the hydroxyl Al(OH)Si bridging groups with ZrO2
pecies [20]. However, SZr/ZSM-5 exhibited higher acidity than the
ther materials because of its available protons for donation. Notably,
Zr/W generated strong Brønsted and Lewis acidity because of the
xtensive polymerization of W species from its sulfate groups. This
xplains the difference between SZr/W and SZr/Ag, SZr/Ti. However,
Zr/W, SZr/Ag, and SZr/Ti have comparable acidity. Except for SZr/TiPlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010ﬂat and broad), the NH3-TPD curves revealed sharp NH3 desorp-
ion peaks. This indicated the presence of broad acid sites distribu-
ion on the synthesized catalysts. The shapes of the NH3-TPD proﬁles
ere consistent with those reported for comparable mesoporous zir-
onium titanium oxide nanospheres [21–24].
The source compounds that supply aluminum during the synthe-
is of zeolites determine the acidity of mesoporous zeolites. Similarly,
eolite type, Si/A1 ratio, and metal loading have signiﬁcant effect on
oth total acidity (mmol/g) and the acid strength distribution of the
atalyst. This explains the high acidity (3.71 mmol/g) of the source
SM-5 employed in the present study. Incidentally, Cˇejka et al. [25]
eported higher acidity of 4.99mmol/g for H-ZSM-5 (Si/A1 ratio= 36;
verage crystal size= 6μm). Further, Song et al. [26] obtained similar
otal acidity (2.42, 1.53, 2.90, and 3.12 mmol/g) from [sodium alumi-
ate (Si/A1 ratio = 49), H-mordenite (Si/A1 ratio = 21.0), HY-2 (Si/A1
atio = 5.0), and HY-2 (Si/A1 ratio = 5.0)] respectively. Markedly,
ll synthesized materials, except SZr/Ag and SZr/W, predominantly
xhibited the weak Lewis acid property. This is because Brønsted
ites get desorbed at temperatures higher than 400 °C. Zou and Lin
24] and Das et al. [27] assigned broad peaks at temperatures below
00 °C to a conglomerate of overlapping component peaks. These
eaks may include ammonia desorption from bound strong Lewis
cid sites, NH4
+ ions decomposition and those released from weak
ewis acid sites. The latter desorption may also include coordinately
nsaturated titanium and zirconium ions. The low-temperature peak
esorption of bulk titanium oxide are representative of the weak sup-
ort interaction, which corroborated a report by Mile et al. [28].
A notable increase in the number of acid sites was observed in
he mixed oxide catalysts compared to single oxide SZr. This observa-
ion is in complete accordance with a previous report [29] that mixed
xides generate more acid sites than single oxides. This is premised
n one of two mechanisms: (a) zirconium atoms substituting some
f the oxide atoms or (b) large dispersion effect on the surface of
he mixed oxide by the ZrO2 or the other oxide. The strength of
he acid site density was in the following order: ZSM-5 > SZr/ZSM-
 SZr/Ag > SZr/Ti > SZr/W. This sequence highlights the natural
cidity of ZSM-5 in comparison to the generated Brønsted acid sites
n the other mixed oxides introduced by sulfate anions on the sur-
ace of the catalysts. The discussion in the results section further il-
ustrated the effect of acid density on the activity of the simultaneous
steriﬁcation of FFA and transesteriﬁcation of TG. Mostly, infrared ad-
orption experiments with basic probe molecules such as ammonia,
yridine, and acetonitrile differentiate Brønsted or Lewis acid sites.
However, the measurement conditions employed such as desorp-
ion temperature, determine the results of the analysis. Further, the
dsorption of ammonia is not speciﬁc to Brønsted sites. These high-
ight the possibility of non Brønsted sites adsorbing more, and hence
xhibiting stronger acidity than Brønsted sites. Hence, TPD results are
elpful, but with careful interpretation of data. Evidently, no single
ethod can give all the details of the acidity of solid acid catalyst. For
xample, Jacobs and Von Ballmoos [30] distinguished the Brønsted
ites in H-ZSM-5 by a well-deﬁned stretching frequency, 3605 cm−1
hile Ward [31] and Angell and Schaffer [32] distinguished those in
-Y by 3640 and 3540 cm−1 stretching. Nonetheless, it is diﬃcult to
uantify the concentrations of these sites because of the overlapping
eatures in the spectra. Evaluating the concentration of the proto-
ated bases in the solid is one way of circumventing this challenge.
he characterization of pyridine adsorption by infrared spectroscopy
s one most popular application of this technique [33]. Therefore,
his study employed NH3-TPD and IR-Spectroscopy of chemisorbed
yridine to get accurate picture about the acidity of the synthesized
atalysts.
.1.2. Acid density probed by IR-spectroscopy of chemisorbed pyridine
Pyridine adsorption measured by IR spectroscopy revealed the
trength and types of acid sites of catalysts. The formation ofesoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
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Table 1
Textural properties and acidity of synthesized sulfated zirconia revealed by BET and NH3-TPDmeth-
ods respectively.
Sample ID Surface area (m2/g) Pore vol. (cm3/g) Pore size (nm) Acidity (mmol/g)
ZSM-5 385.20 0.15 3.04 3.71
SZr/ZSM-5 107.25 0.12 5.10 0.75
SZr/Ag 15.97 0.08 20.11 0.14
SZr/Ti 12.90 0.05 14.53 0.09
SZr/W 72.13 0.10 5.37 0.05
0
0.2
0.4
0.6
0.8
1
1.2
1.4
1.6
50 150 250 350 450 550 650
T
C
D
 S
ig
n
al
 (
a.
u
.)
Temperature (°C)
ZSM-5
0
0.2
0.4
0.6
0.8
1
1.2
1.4
50 150 250 350 450 550 650
T
C
D
 S
ig
n
al
 (
a.
u
.)
Temperature (°C)
SZr/Ag
SZr/Ti
SZr/W
SZr/ZSM-5
a
b
Fig. 1. (a) NH3-temperature-programmed desorption proﬁles for the parent ZSM-5 and (b) synthesized SZr/Ag, SZr/Ti, SZr/W, and SZr/ZSM-5 catalysts.
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Fig. 2. Room-temperature infrared spectra of adsorbed pyridine on ZSM-5, SZr/ZSM-5,
SZr/Ag, SZr/Ti, and SZr/W after outgassing at 300 °C for 4 h.
i
∼
tstoichiometric adsorption complex on the acid sites by pyridine
makes this acid measurement distinctive. Pyridine accepts proton to
form pyridinium ion on the Brønsted sites whereas an adduct forms
at the Lewis sites by donating lone pair of electrons. Partial hydrol-
ysis of some framework aluminum atoms occurs after steam treat-
ment at 300 °C to form non-tetrahedral symmetric aluminum atoms.
These act as strong electron withdrawal centers for the remaining
tetrahedral framework aluminum atoms that facilitate the forma-
tion of stronger Brønsted acids. Further, the technique exploits the
modiﬁcation in chemical nature of the adsorbed species. Moreover,
the pyridine adsorbed on Brønsted sites and Lewis sites have differ-
ent wavenumbers because of difference in bonding nature. The ring
stretching vibration at ca. 1540 (1515–1565 cm−1) and 1450 cm−1
(1435–1470 cm−1) to protonated pyridine, i.e. pyridinium cation
(Brønsted acid sites) and coordinated pyridine (Lewis acid sites) ap-
pear, respectively. Fig. 2 presents the acidity distribution (variation
of IR bands in 1400–1700 cm−1 region) of ZSM-5, SZr/ZSM-5, SZr/Ag,
SZr/Ti, and SZr/W.
Expectedly, the parent ZSM-5 exhibited stronger sites of both
Brønsted and Lewis acids than the remaining four samples. The pro-
ﬁles of synthesized catalytic materials reveal similar patterns as the
parent sample. The trend of the Brønsted acid site strength was sim-
ilar to the one obtained by NH3-TPD in the following order: ZSM-
5 > SZr/ZSM-5 > SZr/Ti > SZr/Ag > SZr/W. However, the trend was
different for the Lewis acid site strength in the following order: ZSM-
5> SZr/ZSM-5> SZr/Ag> SZr/Ti> SZr/W. The three prominent bandsPlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010n the 1425–1575 region are representative of: (a) the C–C stretch at
1450 cm−1 arising from a coordinatively bonded pyridine complex
hat designates the presence of Lewis sites. (b) The C–C stretchingesoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
Y.M. Sani et al. / Journal of the Taiwan Institute of Chemical Engineers 000 (2015) 1–11 5
ARTICLE IN PRESS
JID: JTICE [m5G;October 30, 2015;13:48]
v
f
f
a
b
i
d
1
a
h
a
P
t
p
s
m
e
l
f
s
3
8
p
d
w
c
Z
5
a
p
t
p
g
c
c
m
n
t
m
t
e
w
t
t
m
n
s
i
4
T
2
t
e
e
3
t
a
t
g
p
p
T
a
F
d
p
ﬁ
5
(
q
t
p
v
i
t
n
t
d
5
a
o
e
p
p
t
t
o
t
l
u
l
t
s
m
c
p
p
e
S
i
l
m
o
d
h
i
o
c
3
s
e
6
n
i
t
a
i
o
a
s
f
nibration of the pyridinium ion at ∼1540 cm−1 that is typically used
or identifying Brønsted sites. (c) The peak at ∼1490 cm−1 arising
rom the interaction of pyridine specieswith both Brønsted and Lewis
cid sites. All the samples exhibited the IR bands due to hydrogen-
onded pyridine at 1447 cm−1, but only the parent ZSM-5 and mod-
ﬁed SZr/ZSM-5 showed peaks at 1599 cm−1. This is because of the
ifference in the Si/Al ratios of the samples. Similarly, the peaks at
455 and 1623 cm−1 exhibited by all the samples indicate pyridine
dsorbed on Lewis acid sites, while those at 1533 and 1647 cm−1
ighlight pyridine adsorbed on Brønsted acid sites. Pyridine associ-
ted with both Lewis and Brønsted acid sites appear at 1490 cm−1.
reviously, Jin and Li [34] and Emeis [35] reported similar analysis on
he distribution of acid sites.
Evidently, the acidity of the materials determined by NH3-TPD su-
ersedes that of their counterparts determined by the pyridine ad-
orbed IR method. This is plausibly because of the differences in the
olecular size of the basic probemolecules. Ammonia molecule pen-
trates through more pores because of its smaller molecules than the
arger molecules of pyridine [36]. Table 2 presents a summary of the
requencies and reported extinction coeﬃcients assigned to adsorbed
pecies on acid sites.
.1.3. Powder X-ray diffraction analysis
The highly crystalline characteristic peaks at 2θ value of 7.87,
.81, 23.09, 23.86, 24.34, 29.20 and 29.88 conﬁrmed ZSM-5 sup-
ort according to the JCPDS Card No. 00-044-0002 [38]. The pow-
er X-ray pattern peaks of the ZSM-5 showed typical MFI topology,
hereas the modiﬁed SZr/ZSM-5 patterns indicated retained ZrO2
rystallinity and novel crystalline phases (Fig. 3). The loss of intense
SM-5 peaks was due to the effects of acid treatment, ZrO2 and ZSM-
inter-particle interaction and calcination during the synthesis stage
s earlier noted. This indicates that ZrO2 species were not merely dis-
ersed on the zeolite, but might have replaced some of the alterna-
ive T-atoms. This interaction resulted in the almost disappearance of
eaks with high intensities around 2θ=7°, 8°, 23° and 24°, and emer-
ence of typical zirconium peaks at 28°, 30°, 50° and 60°. This further
onﬁrmed that ZrO2 particles were not merely dispersed, but rather
aused changes in the lattice structure of the zeolite.
The XRD diffractograms of all the samples revealed a tetragonal-
onoclinic phase transition. The XRD patterns also showed the sig-
iﬁcant impact of calcination temperature and precursor concentra-
ion on the crystal phase and crystallite size. The formation of the
onoclinic phase (peaks at 2θ = 28.21° and 2θ = 31.51°) because of
he increase of the crystallite size as function of temperature low-
rs the content of tetragonal phase (2θ = 30°). This is in agreement
ith the Garvie Theory [39]. Further, except for SZr/Ti, it is evident
hat characteristic tetragonal peak at 2θ = 30° was more prominent
han those of the monoclinic phases were. However, the remaining
onoclinic peaks were more prominent than the reduced tetrago-
al phases. In addition, the intensity of the peaks reﬂected both ad-
orption and the amount of phase in the synthesized materials. For
nstance, the monoclinic phase present on the parent TiN at 2θ= 37°,
3°, 62°, 75° and 79° disappeared after themodiﬁcationwith zirconia.
hese were replaced with tetragonal phase typical of zirconia at 24°,
8°, 34°, and 50°. Furthermore, broad nature of the peaks indicates
he nanocrystalline nature of the materials. Also, the lower surface
nergy of the tetragonal phase when compared to monoclinic phase
nsured transformation of the metastable tetragonal phase [40].
.1.4. Measurement of physicochemical properties
The measurement of the speciﬁc surface area, SBET was according
o the BET method from the nitrogen adsorption isotherms obtained
t −196.15 °C. Table 1 presents the textural properties and acidity of
he mesoporous mixed oxide catalysts. Fig. 3(a) presents the nitro-
en sorption isotherms of all the samples. The parent ZSM-5 sam-
le exhibited a characteristic monolayer formation at lower relativePlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010ressure followed by few molecular layers typical of Type I isotherm.
his is because at higher pressures, adsorbate ﬁlls the micropores
nd restricts additional adsorption as represented by the plateau on
ig. 4(a). However, the BET surface area for all synthesized samples
ecreased signiﬁcantly after modiﬁcation with ZrO2 compared to the
arent ZSM-5. Equally, the pore size, which facilitates diffusion bene-
ts, was in the following order: SZr/Ag > SZr/Ti > SZr/W > SZr/ZSM-
> ZSM-5. All the synthesized catalysts revealed mesoporous
2 < dp < 50 nm) structures that permits the TG molecule (which re-
uires a critical diameter of 2 to 4 nm) access to the active sites within
he materials (Table 1, Fig. 3) [2]. The difference in chemical com-
osition of the catalytic materials plausibly explains the signiﬁcant
ariations in textural and catalytic activities (Fig. 4a and b). Thus, for
nstance, SZr/ZSM-5 exhibited lower pore size (5.10 nm) than those of
he other mixed oxide catalysts. These results suggest that the chan-
els of SZr/ZSM-5 could get occluded easily and may result in mass
ransfer limitation. This is because a TG molecule requires a critical
iameter or the smallest access cylinder of 2 to 4 nm [12,41].
The adsorption isotherm of all samples with exception of ZSM-
, followed type-IV IUPAC classiﬁcation for mesoporous materi-
ls with capillary condensation taking place at higher pressures
f adsorbate depicting a hysteresis loop [42]. The steep N2-uptake
mphasized crystalline agglomeration of the plate-like, nano-sized
articles containing slit-shaped pores. This resulted from inter-
article interaction and voids formed by the agglomerationwhich are
ypical of H3 hysteresis during the catalyst synthesis. This observa-
ion is in accordance to the IUPAC classiﬁcation, which is generally
bserved for mesoporous solids, thereby conﬁrming the enhanced
extural properties of SZr/ZSM-5 as seen in Table 1. Conversely, the
ow P/P0 region for ZSM-5 revealed distinct increase in adsorbate vol-
me with a tight hysteresis loop in the high P/P0 region. This high-
ighted the occurrence of micropores evident from Fig. 3(b). Provided
he effect of thermal or acid treatments were not excessive to de-
troy the alumino-silicate structural template, amorphorization via
orphological variation of erstwhile crystalline material, usually fa-
ilitates textural property enhancement [43]. However, the pattern of
arent ZSM-5 was apparently destroyed after the modiﬁcation that
roduced SZr/ZSM-5. Consequently, we attributed the superior prop-
rties observed on SZr/ZSM-5 from Table 1, BET results (Fig. 4) and
EM analysis (Figs 5–7) in comparison to other materials on the acid-
ty of SZr/ZSM-5. This is because despite the destruction of crystal-
ographic phase of ZSM-5 from SZr/ZSM-5, the process stabilized the
esostructure channels, and ensured higher catalytic performance
n SZr/ZSM-5 than that of SZr/Ti, SZr/Ag, and SZr/W synthesized un-
er similar conditions. These outcomes bring to light the effect that
ydrogenH+ has on Brønsted acidity and their inﬂuence on their abil-
ty to catalyze the transesteriﬁcation reaction. The compared acidities
f the other catalysts evidenced the observation regarding the acidic
atalytic power of the zeolite inﬂuenced by nature of the cations.
.1.5. Scanning electron microscopy
Scanning electron micrographs, SEM (Figs. 5–12) illustrates the
urface microstructure of all the catalysts and the morphology of par-
nt ZSM-5 as studied via FE-SEM. The FE-SEMmicrographs (Figs. 4a–
b) revealed a change in the morphology of parent ZSM-5 and zirco-
ia upon modiﬁcation with species of both components and sulfate
ons. Similarly, the variation in elemental compositions is vividly no-
iceable from the EDX graphs. The morphology of ZSM-5 suggested
gglomerates ofmicro-sized hexagonal crystal prisms. However, ZrO2
ncorporation, acid treatment and calcination, caused large degree
f morphological variation in the SZr/ZSM-5 (Fig. 7) as highlighted
bove.
The different constituents were homogeneously processed into
olid particles of uneven dimensions. The EDX analysis of the sur-
ace elemental composition (Fig. 8b) revealed the presence of zirco-
ium (87.17 wt.%), silica (9.72 wt.%), aluminum (1.49 wt.%) and sulfuresoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
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Table 2
Wave number frequencies and extinction coeﬃcients of IR absorption spectra designated to typical
probe molecules adsorbed on acid sites [35,37].
Brønsted Lewis
Ammonia Frequency (cm−1) 1460 1620
IR mode δ(NH+4 )asym. δ(NH3)asym.
Extinction coeﬃcient (ɛ) 14.7 m2/mol 2.2 m2/mol
Pyridine (C5H5N) Frequency (cm
−1) 1540 1450
IR mode Ring stretch (PyH+) Ring stretch (Py)
Extinction coeﬃcient (ɛ) 0.72 m2/mol 2.23 m2/mol
D3-cetonitrile (CD3CN) Frequency (cm
−1) 2297 2325, 2310
IR mode ν(C≡N)-B ν(C≡N)-Lstrong, weak
Extinction coeﬃcient (ɛ) 2.05 cm/μmol 3.60 cm/μmol
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Fig. 3. X-ray diffraction patterns for ZSM-5 and the optimized SZr/Ag, SZr/Ti, SZr/W, and SZr/ZSM-5 calcined 550 °C for 4 h (T = tetragonal, and M = monoclinic phase).
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Fig. 4. (a) N2 adsorption-desorption isotherms for SZr/Ag, SZr/Ti, SZr/W, SZrZSM-5, and ZSM-5 respectively, and (b) pore size distribution curves for SZr/Ag, SZr/Ti, SZr/W, SZrZSM-5,
and ZSM-5 respectively, synthesized under the same conditions.
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Fig. 5. (a) Results of the surface microstructural analysis of the ZrO2 via FE-SEM and (b) surface elemental composition of the ZrO2 determined via EDX analysis.
Fig. 6. (a) Results of the surface microstructural analysis of the ZSM-5 via FE-SEM and (b) surface elemental composition of the ZSM-5 determined via EDX analysis.
Fig. 7. (a) Results of the surface microstructural analysis of the SZr/ZSM-5 via FE-SEM and (b) surface elemental composition of the SZr/ZSM-5 determined via EDX analysis.
Fig. 8. (a) Results of the surface microstructural analysis of the AgNO3 via FE-SEM and (b) surface elemental composition of the AgNO3 determined via EDX analysis.
(
w
c
b
F
c
n
c
e
e
a
m1.26 wt.%). Fissures and faults appeared on the surface of SZr/ZSM-5
hich were absent from the parent ZSM-5 and zirconium mi-
rographs. These conﬁrmed secondary pores formation that are
eneﬁcial in minimizing diffusion associated with zeolites [42].
urther, agglomeration or the adhesion of particles to each other be-
ause of van der Waals forces of attraction is signiﬁcantly higher inPlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
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haracteristic large surface areas. These often agglomerate to form
ither secondary particles or lumps that minimize the interfacial en-
rgy or total surface area of the system. Fig. 7(a) evidenced such
gglomeration. Similarly, Figs. 8(a) and 9(a) revealed the surface
icrostructure of AgNO and SZr/Ag as studied via FE-SEM. The3
esoporous Zr/ZSM-5 with improved Brønsted acidity and superior
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Fig. 9. (a) Results of the surface microstructural analysis of the SZr/Ag via FE-SEM and (b) surface elemental composition of the SZr/Ag determined via EDX analysis.
Fig. 10. (a) Results of the surface microstructural analysis of the SZr/Ti via FE-SEM and (b) surface elemental composition of the SZr/Ti determined via EDX analysis.
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5different constituents were homogeneously processed into solid par-
ticles of uniform dimensions. The EDX analysis of the surface elemen-
tal composition (Fig. 8b and 9b) revealed the presence of zirconium
(99.63 wt.%) and sulfur (0.16 wt.%). Cracks were evident on the sur-
face of the composite catalyst mainly because of its stronger acidity.
This clariﬁed the higher mesoporosity and activity of SZr/Ag when
compared with that of SZr/Ti and SZr/W.
Similarly, Fig. 9(a) presents the size and shape of topographic fea-
tures of SZr/Ti catalyst studied via FE-SEM. The surface morphology
was also homogeneously processed into solid particles. The surﬁcial
elemental composition by EDX analysis (Fig. 9b) also revealed the
presence of 92.92 wt.% zirconium, 6.45 wt.% and 0.36 wt.% sulfur.
Figs 11(a) and 12(a) present the surface microstructure of the
parent (NH4)6H2W12O40xH2O and SZr/W catalyst. High calcination
temperaturemade the zirconium oxide structure to fully agglomerate
with the crystal lattices of the tungstate oxide (Fig. 12). This explains
the comparative high surface area exhibited by SZr/W. Fig. 12(b)
presents a cross-sectional surﬁcial composition and distribution of
elements on SZr/W via EDX analysis. Expectedly, a somewhat amor-
phous phase of the parent material (Fig. 11) transformed into crys-
talline phase as displayed by the micrograph representing SZr/W as
shown in Fig. 12(a).
3.2. Comparative transesteriﬁcation activity over
the composite catalysts
The preferential adsorption of TG and FFA on the Brønsted acid
sites of sulfated zirconia facilitates the simultaneous transesteriﬁca-
tion and esteriﬁcation reaction and explains the poorer performance
exhibited by SZr/W. Hence, the reaction investigated in this study
probably follows the Langmuir–Hinshelwoodmechanism (Scheme 1)
[44]. Brønsted acid protonates the hydroxyl group on the methanol
while carbocation results from the protonation of TG and FFA from
the adjacent site on catalyst surface. A nucleophile emerges from
the deprotonation of methanol oxygen that generates a tetrahe-
dral intermediate from attacking the carbocation. Consequently, thePlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010limination of water by the tetrahedral intermediate forms ester dur-
ng esteriﬁcation. Similarly, it generates a new ester during transes-
eriﬁcation by eliminating glycerol. The same mechanism applies for
i- and tri-glycerides, which was aided by the highly hydrophobic
Zr/ZSM-5. The facile method employed in the present study facili-
ates good dispersion of the active catalyst component in the pores of
he support. This minimizes diffusion limitation such as obstruction
f the mouth of pores of the support material.
Morterra et al. [45] posited a linear relationship between in-
reased acidity and the feedstock conversions. To further study the
ctivity of catalysts, simultaneous transesteriﬁcation of UFO was in-
estigated and presented in Fig. 13. The study revealed an order of
onversion (SZr/ZSM-5 > SZr/Ag > SZr/Ti > SZr/W  ZSM-5) that
howed signiﬁcant correlation to the acidity and structure of the
aterials. This further aﬃrms the presence of sulfate active sites
ithin the surface structure of the catalysts as reported by Hino et al.
46]. However, the pore size of SZr/ZSM-5 might have minimized
onversion beyond expectation because of possible occlusion. This
s because the catalyst possesses 5.10 nm pore size. However, a TG
olecule requires a critical diameter or the smallest access cylinder
f 2 to 4 nm [41,47]. Srilatha et al. [48] reported severe internal diffu-
ion resistance while López et al. [49] obtained 57% conversion from
ulfated zirconia with SBET of 134.4 ± 5.3 m2/g. Premised on the un-
erlying diﬃculty of the TGmolecules to access the inner pores of the
atalysts for eﬃcient contact, it is plausible to assert that amount and
ispersion of active sites which is reﬂective of acidity was responsi-
le for transesteriﬁcation activity reported in this study. It is also in-
tructive to note that infusing sulfate onto zirconium oxide produces
cidic solid catalysts. However, doping zirconia with acidic ZSM-5
urther increases its acidity. Hence, the high conversions displayed
y the synthesized material reﬂect the role of this incorporation. It is
herefore plausible to assert that acidity of materials synthesized in
his study have direct correlation to surface hydroxyl groups.
Further, the facile process employed in present study is encour-
ging considering the lower reaction parameters employed (200 °C,
h, 5:1 molar ratio and 2 wt.% catalyst loading). It eliminates theesoporous Zr/ZSM-5 with improved Brønsted acidity and superior
sel, Journal of the Taiwan Institute of Chemical Engineers (2015),
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Fig. 11. (a) Results of the surface microstructural analysis of the (NH4)6H2W12O40xH2O via FE-SEM and (b) surface elemental composition of the (NH4)6H2W12O40xH2O deter-
mined via EDX analysis.
Fig. 12. (a) Results of the surface microstructural analysis of the SZr/W via FE-SEM and (b) surface elemental composition of the SZr/W determined via EDX analysis.
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ﬁield loss and chemical costs associated with acid-catalyzed es-
eriﬁcation pretreatment and caustic stripping (Table 3) [50]. This
owers the energy consumption and chemical costs. Against this back-
rop, it is important to highlight some related reports for compari-
on. Danuthai et al. [51] converted ca. 100% methyl octanoate over
-ZSM5 at a very high temperature of 500 °C for 5 h. Whereas, Chung
nd Park [10] obtained 80% conversion from Soybean oil mixed withPlease cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010leic acid over H+ ion exchanged ZSM-5 at 60 °C for 6 h. Moreover,
he deactivation limitation associated with sulfated zirconia due to
eaching of sulfate ions was not observed from this study. Further,
t is worthy to note that conventional zirconia produced negligible
onversion under the same conditions. The encouraging conversion
f 95% obtained with SZr/Ti from the present study corroborated the
ndings by López et al. [52]. This is despite the employed calcinationesoporous Zr/ZSM-5 with improved Brønsted acidity and superior
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Fig. 13. Catalytic activities of 2 wt.% mesoporous SZr/Ag, SZr/Ti, SZr/W, SZr/ZSM-5, and ZSM-5 catalysts at 5:1 methanol-to-oil ratio and 200 °C.
Table 3
Comparative FFA pretreatment cost [49].
FFA % in oil 2.5% 5% 10% 15%
Caustic stripping Yield loss 2.5% 5% 10% 15%
Cost ($/gal) 0.119 0.238 0.476 0.715
Cost ($/L) 0.031 0.063 0.126 0.189
Acid esteriﬁcation Yield loss 1% 1% 1% 1%
Cost ($/gal) 0.040 0.080 0.160 0.240
Cost ($/L) 0.011 0.021 0.042 0.063
Notes: All chemical costs (H2SO4 = $5/gal, methanol = $1.6/gal, sodium
methylate = $4/gal) and biodiesel selling price ($4/gal after various local and
federal tax credit and other incentives) were based on recent industrial scale
values with 80% assumed eﬃciency for methanol recovery [49].
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Mtemperature of 550 °C. Kiss et al. [12] reported 500 °C, and 400 to
500 °C as optimum calcination temperature for SZr and TiZ respec-
tively, with subsequent loss of activity at higher temperature due to
sulfur loss and decreased catalyst’s surface area. However, the mate-
rial showed poor reusability because of active basic sites poisoning
from carboxylic acids. This hinders its suitability for transesteriﬁca-
tion especially with feedstocks containing higher acid values such
as UFO. In comparison also, WO3/ZrO2 gave ∼100% conversion from
4.5:1 methanol-to-soybean oil at 200 °C after 20 h [6]. In a different
study similar to the current report, Furuta et al. [6] obtained 70% con-
version from UFO over WO3/ZrO2.
Though all the samples exhibited good performances when eval-
uated for transesteriﬁcation of UFO after 5 h (Fig. 13), SZr/ZSM-5
exhibited highest activity than the other catalysts. This is despite pos-
sessing lower pore size compared to SZr/Ag and SZr/Ti. We attributed
this to enhanced acid strength imparted on SZr/ZSM-5 by the zeo-
lite, as well as its suitable SBET when compared to its counterparts.
The NH3-TPD and IR spectra of pyridine adsorption analyses showed
lower acid density for SZr/Ti and SZr/W than that of SZr/ZSM-5. Con-
sequently, the interaction between the zirconia (facilitated by highly
dispersed nanoparticles) and highermesopores of the zeolite support
determined the observed acidity and activity. This is because acid-
ity, which arises from electron deﬁciency of the supported catalysts
inﬂuences the catalytic properties of the material in two ways. (a)
The support effect enhances interaction with the active components.
(b) Such interactions provide acidic site that transforms the catalytic
material into bifunctional catalyst. Further, we attributed the perfor-
mance of the other catalysts to a combination of acidity (0.14, 0.09,
and 0.05 mmol/g) and the good SBET (20.11, 14.53, and 5.37 nm) ex-
hibited by SZr/Ag, SZr/Ti, and SZr/W respectively.Please cite this article as: Y.M. Sani et al., Facile synthesis of sulfated m
activity over SZr/Ag, SZr/Ti, and SZr/W in transforming UFO into biodie
http://dx.doi.org/10.1016/j.jtice.2015.10.010. Conclusions and outlook
This study developed a facile route for synthesizing eﬃcient
olid acid catalysts for transesterifying UFO-containing high FFA un-
er moderate reaction conditions. Albeit, doping SZ with ZSM-5
s a key feature of this synthesis strategy that proved superior to
rior formulations. This is because despite the destruction of ZSM-5
rystallographic phase, the process stabilized the mesostructure
hannels, and ensured higher catalytic performance on SZr/ZSM-5.
nterestingly, the activity of SZr/ZSM-5 was markedly higher than
hat of SZr/Ti, SZr/Ag, and SZr/W synthesized under similar con-
itions. The study provided solutions to the economic concerns
ssociated with accessing fossil fuel reserves via simultaneous trans-
steriﬁcation and esteriﬁcation of waste oil into low cost and read-
ly implementable biodiesel as sustainable alternative source of
nergy for transportation. Furthermore, the use of waste oil is es-
ential in solving the contending issue of regional availability. Other
igniﬁcant ﬁndings include: (1) factors essential for eﬃcient trans-
steriﬁcation include acidic site, suﬃcient surface area with meso-
orous channels and tetragonal phase of zirconia. (2) The interplay
etween metal species of modiﬁed oxo-anions and pore structure of
cidic zeolites and its strong properties enhances acidity of sulfated
omposite catalysts. (3) The encouraging conversions obtained sug-
ested that activity for transesteriﬁcation does not depend solely on
extural property of the catalytic material. (4) Amount and disper-
ion of active sites, which are reﬂective of acidity of the catalysts, play
igniﬁcant role in facilitating higher conversion of TG into biodiesel.
5) The study also showed how to achieve ﬂexibility of properties
rom unlimited number of possible manipulations from one catalyst
recursor. These encouraging observations highlighted the possibil-
ty of improving on the reported formulations to facilitate higher in-
rinsic eﬃciency in biodiesel production. The catalysts synthesized
rom the present study have potential applications in other acid-
atalyzed reactions such as selective catalytic reactions, SCR for abat-
ng environmentally harmful NOx emissions from mobile or station-
ry power sources. This is because of the presence of sulfate ions and
heir resistance to H2O, which are inevitable components of diesel
xhaust gas.
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